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I. INTRODUCTION: ANTHROPIC 
CONSTRAINTS ON THE COSMOLOGICAL 
CONSTANT 

After many desperate attempts to prove that the 
cosmological constant must vanish, now we face an 
even more complicated problem. We must under- 
stand why the cosmological constant, or the slowly 
changing dark energy, is at least 120 orders smaller 
than the Planck density M*, and, simultaneously, 
why its value is as large as QdPo- Here po ~ 10 -29 
g/cm 3 ~ 10~ 120 Mp is the total density of matter in 
the universe at present, including the cosmological 
constant, or dark energy, and flu ~ 0.7. One of the 
most interesting attempts to provide such an expla- 
nation is related to anthropic principle (lj. 

This principle for a long time was rather controver- 
sial. It was based on an implicit assumption that the 
universe was created many times until the final suc- 
cess. It was not clear who did it and why was it neces- 
sary to make it suitable for our existence. Moreover, 
it would be much simpler to create proper conditions 
for our existence in a small vicinity of a solar system 
rather than in the whole universe. 

These problems were resolved with the invention of 
inflationary cosmology. First of all, inflationary uni- 
verse itself, without any external intervention, may 
produce exponentially large domains with all possi- 
ble laws of low-energy physics || . And if the condi- 
tions suitable for our existence are established near 
the solar system, inflation ensures that similar condi- 
tions appear everywhere within the observable part of 
the universe. In addition to considering a single in- 
flationary universe consisting of many domains with 
different values of constants, one may also consider a 
possibility that the inflationary universe may be born 
in many different quantum states with different val- 
ues of coupling constants, see e.g. || |J, |5|, |f|. This 
provides a simple justification of the cosmological an- 
thropic principle and allows one to apply it to the 
cosmological constant problem. 



If, for example, the cosmological constant is large 
and negative, A <C — 10 -29 g/cm 3 , then such a uni- 
verse, even if it is flat, would collapse within the time 
that is smaller than the age of our universe t ~ 14 bil- 
lion years jj], This would make our life impossible. 
One may wonder whether intelligent life could emerge 
within 7 billion years or 5 billion years, but we have 
no reason to believe that it could happen on a much 
shorter time scale. 
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FIG. 1: Evolution of a flat ACDM universe for various 
values of A. Time is in units of the present age of the 
universe to ~ 14 billion years. The present moment is 
placed at t = 0, the big bang corresponds to t = — 1. 
The upper (red) line corresponds to the flat universe with 
fitot = 1, = 0.7 (i.e. A = +0.7p ) and Vt M = 0.3. 
The next line below it (the blue line) corresponds to a 
flat universe with A = — 4.7po- As we see, this universe 
collapses at the age of 14 billion years. The total lifetime 
of the universe with A = — 18.8po (the lower, green line) 
is only 7 billion years. 

Since we are entering the age of precision cosmology, 
let us improve the order-of-magnitude estimates of |l|, 
and obtain a numerical constraint on negative A. 
The investigation is straightforward, so we will simply 
show the results in Fig. RL We find that the anthropic 
constraint on the negative cosmological constant is a 
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bit less stringent than it was anticipated. If 7 billion 
years is sufficient for emergence of human life, then 

A > -18.8/Jo 2 x 1CT 28 g/cm 3 . If we really need 

about 14 billion years, as one can infer from |s), then 
the constraint is somewhat stronger: A > —A.7p$ ~ 
-5 x 10~ 29 g/cm 3 . 

However, the present observational data suggest 
that A > 0. In this case the use of the anthropic con- 
siderations become more involved. In it was argued 
that the life of our type is impossible for A ^> 10 -29 
g/cm 3 because in this case the density of matter of the 
universe would be exponentially small due to its expo- 
nential expansion at the present stage. A more precise 
and rigorous constraint was obtained later by Wein- 
berg ||. He pointed out that the process of galaxy 
formation occurs only up to the moment when the cos- 
mological constant begins to dominate the energy den- 
sity of the universe and the universe enters the stage 
of late-time inflation. (By galaxy formation we under- 
stand the growth of density contrast until the moment 
when the galaxy separates from the general cosmolog- 
ical expansion of the universe. After that, its density 
rapidly grows by a factor of O(10 2 ), and its subsequent 
evolution becomes much less sensitive to the value of 
A.) For example, one may consider galaxies formed 
at z > 4, when the energy density of the universe was 
2 orders of magnitude greater than it is now. Such 
galaxies would not form if A > 10 2 po ~ 10 g/cm 3 . 

Thus, anthropic considerations may reduce the dis- 
agreement between the theoretical expectations (A ~ 
Mp) and observational data (A ~ p ~ 1CT 120 M^) 
from 120 orders of magnitude to only 2 orders of mag- 
nitude! But this is not yet a complete solution of the 
cosmological constant problem. Assuming that all val- 
ues of the cosmological constant are equally probable, 
one would find himself in a universe with A ~ po with 
the probability about 1%. 

The next important step was made in {n], [H], [l2|, 
[l3[ pi] . The authors considered not only our own 
galaxy, but all other galaxies that could harbor life 
of our type. This would include not only the ex- 
isting galaxies but also the galaxies that are being 
formed at the present epoch. Since the energy density 
al later stages of the evolution of the universe becomes 
smaller, even a very small cosmological constant may 
disrupt the late-time galaxy formation, or may pre- 
vent the growth of existing galaxies. This allowed the 
authors of |l0l 111], |l2|, 13, |lj| to strengthen the con- 
straint on the cosmological constant. According to 
|l2|] , the probability that an astronomer in any of the 
universes would find a value of Qd — A/p as small 
as 0.7 ranges from 5% to 12%, depending on various 
assumptions. 

However, our goal is not to find suitable conditions 
for the human life in general, but rather to explain 
the results of our observations. These results include 
the fact that for whatever reason we live in an internal 



part of the galaxy that probably could not be strongly 
affected by the existence of a cosmological constant 
A ^ po- Does it mean that we are not typical ob- 
servers since we live in an atypical part of the universe 
where we are protected against a small cosmological 
constant A ~ po? Also, galaxy formation is not a 
one-step process. The central part of our galaxy was 
formed very early, at z > 20, when the energy den- 
sity in the universe was 4 orders of magnitude greater 
than it is now. To prevent formation of such regions 
one would need to have A > 10 4 po ~ 10~ 25 g/cm 3 . It 
may happen that the probability of emergence of life 
in such regions, or in the early formed dwarf galax- 
ies, is very small. Moreover, one could argue that 
the probability of emergence of life is proportional to 
the fraction of matter condensed into large galaxies 
@, § H 0. Even if it is so, in an eternally 
existing inflationary universe there should be indef- 
initely many regions suitable for existence of life, so 
life would eventually appear in one of such places even 
if the probability of such event is extremely small. A 
more detailed investigation of this issue is in order 

In this respect the anthropic constraint on A < 
seems to be less ambiguous. But it is also less im- 
portant since it does not seem to apply to an accel- 
erating universe with A w 0.7po- I n this paper we 
will show, however, that a similar constraint based 
on investigation of the total lifetime of a flat universe 
can be derived in a broad class of theories based on 
N=8 supergravity that can describe the present stage 
of acceleration @ [T| [[§, [l|. This may allow us to 
avoid fine-tuning that is usually required to explain 
the observed value of 



II. MAXIMAL SUPERGRAVITY AS DARK 
ENERGY HIDDEN SECTOR 

Usually in all discussions of the cosmological con- 
stant in the astrophysical literature it is assumed that 
one can simply add a cosmological constant term 
describing vacuum energy to the gravitational La- 
grangian. However, it appears to be extremely dif- 
ficult to do so in the context of M/string theory. 

All known compactifications of the fundamental 
M/string theory to four dimensions do not lead to 
potentials with de Sitter solutions corresponding to 
A > 0. However, there are versions of the maximally 
extended d = 4 N — 8 supergravity which have dS 
solutions. They are also known to be solutions of 
d = 11 supergravity with 32 supersymmetries, cor- 
responding to M/string theory (^0|. dSi solutions of 
d = 4 N = 8 supergravity correspond to solutions 
of M/string theory with non-compact internal seven 
(six) dimensional space. The relation between states 
of higher dimensional and four dimensional theory in 
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such backgrounds is complicated since the standard 
Kaluza-Klein procedure is not valid in this context. It 
is nevertheless true that the class of d — 4 supergrav- 
ities with dS solutions that we will consider below as 
dark energy candidates has a direct link to M/string 
theory, as opposite to practically any other model of 
dark energy. Moreover, these theories with maximal 
amount of supcrsymmetries are perfectly consistent 
from the point of view of the d = 4 theory: all kinetic 
terms for scalars and vectors are positive definite. 

All supersymmctrics arc spontaneously broken for 
dS solutions of N = 8 supergravity. These dS solu- 
tions are unstable; they correspond either to a max- 
imum of the potential for the scalar fields or to a 
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saddle point. In all known cases one finds |16 that 



there is a tachyon and the ratio between V" — m 
and A = V at the extremum of V(<p) is equal to —2. 

According to current cosmological data, the rele- 
vant dSi space is defined as a hypersurface in a 5d 
space —T 2 + (X 2 + Y 2 + Z 2 + W 2 ) = H^ 2 . Here H is 
the Hubble parameter. Its inverse, Hq 1 , determines 
time scale of the same order as the age of the universe, 
Hq 1 ~ 10 10 years. One of the simplest solutions of 
d = 11 supergravity is given by a warped product of 
a four-dimensional dS space and a seven-dimensional 
hyperboloid H p ' q . A fiducial model where all scalars 
are constant is defined by dS surface presented above 
and the surface in an eight-dimensional space defin- 
ing an internal space hyperboloid H p ' q . This surface 
is given by t]abz a z b = aH^ 2 , where the constant a 
depends on p, q and the metric t]ab is constant and 
has p positive eigenvalues and q negative eigenvalues 
and p + q = 8. 

A simplest (and typical) representative of d = 4 
N ~ 8 supergravities with dS maximum, originated 
from M-theory, has the following action pl| : 
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g -V*L = --R--(d<t>f-A(2- cosh V2<f) . (1) 

Here we use units M p = 1. At the critical point V = 
, V cr = A , (f) cr = 0. 

This corresponds to the case p = q = 4 and d = 4 
supergravity has gauged 5*0(4, 4) non-compact group. 
At dS vacuum it is broken down to its compact sub- 
group, 50(4) x 5*0(4). The value of the cosmological 
constant A is related to H and to the gauge coupling 
g as follows: 

A = 3H 2 = 2g 2 . 

A similar potential was obtained in N=4 gauged 
supergravity in |2^], where dS solution of extended 
supergravity was found for the first time and where it 
was pointed out that it is unstable, being a maximum 
of the potential. 

The gauge coupling and the cosmological constant 
in d = 4 supergravity have the same origin in M- 
thcory: they come from the flux of an antisymmetric 




FIG. 2: Scalar potential V{cj>) = A(2 - cosh y/2<j>) in d = 4 
N = 8 supergravity ([j]). The value of the potential is 
shown in units of A, the field is given in units of M p . 



tensor gauge field strength [g(J. The corresponding 
4- form F^ u \ p in d = 11 supergravity is proportional 
to the volume form of the dS± space: 
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Here F = dA where A is a 3-form potential of d = 11 
supergravity. According to this model, the small value 
of the cosmological constant is due to the 4-form flux 
which has the inverse time-scale of the order of the 
age of the universe. Note that in our model there is 
no reason for the flux quantization since the internal 
space is not compact. This makes it different from 
|23] ] where the flux and/or its changes were quantized. 
The eleven-dimensional origin of the scalar field <j> m 
the potential can be explained as follows. Directly in 
d=4 N = 8 gauged supergravity has 35 scalars and 35 
pseudo-scalars, forming together a coset space -gff^j- 
The field cf> is an 50(4) x 50(4) invariant combination 
of these scalars and it may also be viewed as part of 
the d = 11 metric. 

The first idea would be to discard this model alto- 
gether because its potential is unbounded from below. 
However, the scalar potential in this theory remains 
positive for |0| < 1, and for small A the time of de- 
velopment of the instability can be much greater than 
the present age of the universe, which is quite suffi- 
cient for our purposes [Jl^, [l7, 18, 19). In fact, we will 
see that this instability allows us to avoid the stan- 
dard fine-tuning/coincidence problem plaguing most 
of the versions of the theory of quintessence. To use 
these theories to describe the present stage of acceler- 
ation (late inflation) one should take A ~ 10~ 120 Mp . 
This implies that the tachyonic mass is ultra-light, 
\m 2 \ - -(lCT 33 eV) 2 . 

In the early universe the ultra-light scalar fields may 
stay away from the extrema of their potentials; they 
'sit and wait' and they begin moving only when the 
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Hubble constant decreases and becomes comparable 
with the scale of the scalar mass. This may result in 
noticeable changes of the effective cosmological con- 
stant during the last few billion years. 

Since the potential of TV = 8 supergravity with dS 
solution is unbounded from below, the universe will 
eventually collapse. If the initial position of the field 
is not far from the top of the potential, the time before 
the collapse may be very long Jl9[| . 

From the perspective of the d = 11 theory it is 
natural to consider a large ensemble of possible values 
for the fields F ~ y/X and <f> and study it. In the 
context of the d = 4 theory one may also study a 
large ensemble of values for A and (p. 



III. ANTHROPIC CONSTRAINTS ON THE 
COSMOLOGICAL CONSTANT IN N=8 
SUPERGRAVITY 

Consider a theory of a scalar field </> with the effec- 
tive potential V{<j>) = A(2 - cosh y/2(f>) in the N = 8 
theory ([!]). In order to understand the cosmological 
consequences of this theory, let us first consider this 
potential at \4>\ -C 1. In this limit the potential has a 
very simple form, 

K(» = A(l - <£ 2 ) = 3ff 2 (l - 2 ) . (3) 

The main property of this potential is that m 2 = 
V"(0) = -2A = -6Hg. One can show that a ho- 
mogeneous field 1 with to 2 = — 6Hq in the uni- 
verse with the Hubble constant Hq grows as follows: 
c/>(t) = 4>oexpcH t, where c = (\/33 — 3)/2 « 1.4. 
Consequently, in the universe with the energy density 
dominated by V{4>) it takes time t ~ 0.7 Hq 1 ln^ 1 
until the scalar field rolls down from <j}Q to the region 
4> 3> 1, where V((f>) becomes negative and the universe 
collapses. 

This means that one cannot take large A without 
making the total lifetime of the universe too short to 
support life, unless the scalar field cf>o was exponen- 
tially small. But if the potential of the field (j> always 
was very flat, then one can assume that the field <f> ini- 
tially (or after inflation) can take any value 4>q with 
equal probability, so there is no reason to expect that 
<po must be very small. This means that for cf>o < 1 the 
typical lifetime of the universe is t to t ~ Hq 1 ~ A~ x / 2 . 
Therefore the universe can live longer than 14 billion 
years only if the cosmological constant is extremely 
small, A < p . 

On the other hand, for 0^1 the potential falls 
down exponentially, V((f>) ~ —A exp V2\<j>\. Therefore 
for 3> 1 the universe almost instantly collapses even 
if A < p . 

Now we can study this process numerically, solving 
a system of equations for the scale factor ait) and the 



scalar field <j>(t). 

4> + 3-<p-v'(4>) = , 

a 

a _ V - (j> 2 - p M 
a 3 

where pu = C/a 3 (t), and 0q = 0. A detailed descrip- 
tion of our approach can be found in []l9| . Here we will 
present some of our results related to the cosmological 
constant problem. 

Fig. [3| shows expansion of the universe for tfio — 
0.25, and for various values of A ranging from 0.7po 
to 700po. Time is given in units of 14 billion years. 
One finds, as expected, that the total lifetime of the 
universe for a given fa is proportional to A -1 / 2 , which 
means that large A are anthropically forbidden. 



a 




-1 -0.5 0.5 1 1.5 2 



FIG. 3: Expansion of the universe for <f>o — 0.25. Going 
from right to left, the first (red) line corresponds to A = 
0.07po, the second (green) line corresponds to A = 0.7po, 
then A = 7p , 70p and 700p . 

Fig. |H shows expansion of the universe for A = 
0.7po- The upper (red) line corresponds to the fidu- 
cial model with 0o = 0. In this case the field does 
not move and all cosmological consequences are the 
same as in the standard theory with the cosmological 
constant A = 0.7po- The difference will appear only 
in a very distant future, at t ~ lC^i/,^ 1 ~ 10 3 bil- 
lion years, when the unstable state 4>q = will decay 
due to the destabilizing effect of quantum fluctuations 
(T(| . For <fio > 1 the total lifetime of the universe be- 
comes unacceptably small, which means that large <po 
are anthropically forbidden. 

Further conclusions will depend on various assump- 
tions about the probability of parameters (A, (fio). In 
this section we will make the simplest assumption 
that all values of A and 4>o are equally probable. We 
will discuss alternative assumptions and their conse- 
quences in the next section. 

All possible values of A and 4>o corresponding to the 
total lifetime of the universe greater than 14 billion 
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FIG. 4: Expansion of the universe for A = 0.7po- The 
upper (red) line corresponds to the fiducial model with 
4>o = (cosmological constant; field does not move). The 
(green) line below corresponds to (j> — 0.5. The next (blue) 
line corresponds to <j> — 1, then to (f> — 1.5, and <j> = 2. 

years are shown in Fig. ^[ in the region under the 
thick (red) line. If all values of A and 4>q are equally 
probable, the measure of probability is given by the 
area. The total area under the curve is finite, Stot ~ 
3.5. One can easily estimate the probability to be in 
any region of the phase space (A, 4>o) by measuring 
the corresponding area and dividing it by Stot- 
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FIG. 5: The region below the thick (red) line contains 
all possible A and 0o corresponding to the total lifetime of 
the universe greater than 14 billion years. The dashed line 
A « 1.5po separates this region into two equal area parts. 
The region below the thin (blue) curve corresponds to all 
universes with the lifetime greater than 28 billion years, 
i.e. to the universes that would live longer than 14 billion 
years after the present moment. 

The dashed line A w 1.5po separates the anthrop- 
ically allowed region into two equal area parts. This 
implies that the average value of A in this theory is 
about 1.5,00. It is obvious that A can be somewhat 
larger or somewhat smaller than 1.5/?o, but the main 



part of the anthropically allowed area corresponds to 

A = O(po) ~ l(T 120 M p 4 . 

This is one of the main results of our investigation. 
This result is a direct consequence of the relation 
m 2 = —6Hq which is valid for all known versions of 
d = 4 N = 8 supergravity that allow dS solutions. 

The region below the thin (blue) curve corresponds 
to all universes with the lifetime greater than 28 bil- 
lion years, i.e. to the universes that would live longer 
than 14 billion years after the present moment. The 
area below this curve is 3 times smaller than the area 
between the thin (blue) curve and the thick (red) 
curve. This means that the "life expectancy" of a typ- 
ical anthropically allowed universe (the time from the 
present moment until the global collapse) is smaller 
than the present age of the universe. The prognosis 
becomes a bit more optimistic if one takes into ac- 
count that we live in the universe with £Id = 0.7: 
The probability that the universe will survive more 
than 14 billion years from now becomes better than 
50%. 

Finding the average value of A does not immedi- 
ately tell us what is the most probable value of firj. 
In order to do it we plot in Fig. ^ the curves corre- 
sponding to £Id — 0.5 (blue line, just below the thick 
red line), Slrj = 0.7 (green line, just below the line 
fto = 0.5), and firj = 0.9 (pink line, below the line 
Qd = 0.7). The region to the left of the thin dashed 
line corresponds to the universes that accelerate at the 
present time (14 billion years after the big bang). 
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FIG. 6: The curves corresponding to f2zj = 0.5 (blue line 
below the thick red line), Qd = 0.7 (green line), and flo = 
0.9 (pink line). The region to the right of the thin dashed 
line corresponds to the universes that accelerate 14 billion 
years after the big bang. 

The total probability to live in an accelerating uni- 
verse at the time 14 billion years after the big bang is 
determined by the area bounded by the thin dashed 
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line in Fig. Dividing this area by 5 t ot ~ 3.5, one 
can find that this probability is about 35%. About 
a half of this area corresponds to fid > 0.9. The 
most interesting part of the accelerating region is 
bounded by the blue curve tto = 0.5, the pink curve 
Qd — 0.9 and the thin dashed line. All points in- 
side this region correspond to accelerating universes 
with 0.5 < £Id < 0.9. As one can easily see from 
Fig. |6|, the area of this region is about 0.4. Dividing 
it by the total area of the anthropically allowed re- 
gion Stot ~ 3.5 one finds that the probability to live 
in such a universe is about 10%. These results resolve 
the fine-tuning/coincidence problem in the theory of 
dark energy. 



IV. DISCUSSION 

Most of the theories of dark energy have to face two 
problems. First of all, it is necessary to explain why 
does the bare cosmological constant vanish. Then one 
must find a dynamical mechanism imitating a small 
cosmological constant and explain why flu ~ 0.7 at 
the present stage of the evolution of the universe. 

In this paper we studied cosmological consequences 
of the simplest toy model of dark energy based on 
N = 8 supergravity. We have found that in the con- 
text of this theory one can completely resolve the cos- 
mological constant problem, as well as the coincidence 
problem plaguing most models of quintessence. 

Indeed, one simply cannot add a cosmological con- 
stant to this theory. The only way to introduce some- 
thing similar to the cosmological constant is to put the 
system close to the top of the effective potential. If 
the potential is very high, then it is also very curved, 
V"(Q) = -2V(0). We have found that the universe 
can live long enough only if the field 4> initially is 
within the Planck distance from the top, \<f>\ < M p , 
which sounds reasonable, and if V(0), which plays the 
role of A in this theory, does not exceed much the 
critical value p ~ 10~ 120 M*. 

In our paper we made the simplest assumption that 
the probability to live in the universe with different 
A and <po does not depend on their values. However, 
in realistic models the situation may be different. For 
example, as we mentioned, A 1 / 2 is related to the 4- 
form flux in d = 11 supergravity, see Eq. (Q). This 
may suggest that the probability distribution should 
be uniform not with respect to A and 4>o but with 
respect to A 1 / 2 and c/) . We studied this possibility 
and found that the numerical results change, but the 
qualitative features of the model remain the same. 

The probability distribution for </> also may depend 
on 4>o even if V{4>) is very flat at <f> < 1. First of all, it 
might happen that the fields (f>^> 1 (i.e. <j> 3> M p ) are 
forbidden, or the effective potential at large <f> blows 
up. This is often the case in N = 1 supergravity. Sec- 



ondly, interactions with other fields in the early uni- 
verse may create a deep minimum capturing the field 
4> at some time-dependent point <p < 1. This also of- 
ten happens in JV = 1 supergravity, which constitutes 
one of the features related to the cosmological moduli 
problem. If this happens in our model, one will be 
able to ignore the region of 4>q > 1 (the right part of 
Figs. ||, ](]) in the calculation of probabilities. This 
will increase the probability to live in an accelerating 
universe with 0.5 < flo < 0.9. 

In our estimates we assumed that the universe must 
live as long as 14 billion years before the human life 
appears. One could argue that the first stars and plan- 
ets were formed long ago, so we may not need much 
more than about 5-7 billion years for the development 
of life. This would somewhat decrease our estimate for 
the probability to live in an accelerating universe with 
0.5 < Sl/j < 0.9, but this would not alter our results 
qualitatively. On the other hand, most of the planets 
were probably formed at later stages of the evolution 
of the universe || , so one may argue that the probabil- 
ity of emergence of human life becomes much greater 
at t > 14 billion years, especially if one keeps in mind 
how many coincidences have made our life possible. If 
one assumes that human life is extremely improbable 
(after all, we do not have any indications of its ex- 
istence anywhere else in the universe), then one may 
argue that the probability of emergence of life becomes 
significant only if the total lifetime of the universe can 
be much greater than 14 billion years. This would in- 
crease our estimate for the probability to live in an 
accelerating universe with 0.5 < CId < 0.9. 

So far we did not use any considerations based on 
the theory of galaxy formation §, [l0[ (□], || ||, [l| . If 
we do so, the probability of emergence of life for A 3> 
po will be additionally suppressed, which will increase 
the probability to live in an accelerating universe with 
0.5 < fl D < 0.9. 

To the best of our knowledge, only in the models 
based on extended supergravity the relation |m 2 | ~ 
H 2 , together with the absence of freedom to add the 
bare cosmological constant, is a property of the theory 
rather than of a particular dynamical regime. That is 
why the increase of V{(j>) in such models entails the 
increase in |m 2 |. This, in its turn, speeds up the de- 
velopment of the cosmological instability, which leads 
to the anthropically unacceptable consequences. 

The N = 8 model discussed in our paper is just 
a toy model. In this model we were able to find a 
complete solution to the cosmological constant prob- 
lem and to the coincidence problem (explaining why 
A ~ po an d why noticeably differs both from 
and from 1 at the present stage of the evolution of 
the universe). This model has important advantages 
over many other theories of dark energy, but to make 
it fully realistic one would need to construct a com- 
plete theory of all fundamental interactions includ- 
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ing the dark energy sector described above. This is 
a very complicated task that is beyond the scope of 
the present investigation. However, most of our re- 
sults are not model-specific. For example, instead of 
N = 8 supergravity one could study any model with 
the effective potential of the type V{<j>) = A(l — otcf 1 ) 
with a = 0(1). Another example is provided by the 
simplest N=l Polonyi-type SUGRA model with a very 
low scale of supersymmetry breaking and with a mini- 
mum of the effective potential at V(<p) < 0. As shown 
in jni , models of this type also have the crucial prop- 
eity\m 2 \ ~ H 2 . In fact, this property is required in 
most of the models of quintessence. 

Therefore it would be interesting to apply our meth- 
ods to the models not necessarily related to extended 
supergravity. A particularly interesting example is the 
axion quintessence model. The original model sug- 
gested in pij has the potential A[cos(0//) + C], and 
it was assumed that C = 1. It was however empha- 
sized in p4j that this is just an assumption. The pos- 
itive definiteness of the potential with C = 1 and the 
fact that it has a minimum at V — could be moti- 
vated, in particular, by the global supersymmetry ar- 
guments. In supergravity and M/string theory these 
arguments are no longer valid and the derivation of 
the value of the parameter C is not available. In |25| 
the axion model of quintessence was studied using the 
arguments based on M/string theory. The potential 
was given in the form V = A cos (4>/f) without any 
constant part. 

This potential has a maximum at cj> = 0, V(0) = A. 
The universe collapses when the field </> rolls to the 
minimum of its potential V(fir) — —A. The curvature 
of the effective potential in its maximum is given by 
m 2 = -A// 2 = -3H 2 /f 2 . For / = M p = 1 one 
finds rn 2 = -A = -3H$, and for / = M p /^/2 one 
has m 2 = — 2 A = — 6Hq, exactly as in the N = 8 
supergravity. Therefore the anthropic constraints on 
A based on the investigation of the collapse of the 
universe in this model (for C = 0) are similar to the 
constraints obtained in our paper for the N = 8 theory 
|2(| . However, in this model, unlike in the models 
based on extended supergravity, one can easily add 
or subtract any value of the cosmological constant. 
In order to obtain useful anthropic constraints on the 



cosmological constant in this model one should use a 
combination of our approach with the usual approach 
based on the theory of galaxy formation Jj| |o[ [ll], |l2|. 

In this sense, our main goal was not to replace the 
usual anthropic approach to the cosmological constant 
problem, but to suggest its possible enhancement. 
We find it very encouraging that our approach may 
strengthen the existing anthropic constraints on the 
cosmological constant in the context of the theories 
based on extended supergravity. 

One may find it hard to believe that in order to 
explain the results of cosmological observations one 
should consider theories with an unstable vacuum 
state. However, one should remember that exponen- 
tial expansion of the universe during inflation, as well 
as the process of galaxy formation, is the result of the 
gravitational instability, so we should learn how to live 
with the idea that our world can be unstable. Also, we 
did not willingly pick up the theories with an unsta- 
ble vacuum. We wanted to find the models based on 
M/string theory that would be capable of describing 
de Sitter state. All models related to M/string theory 
that we were able to find so far, with exception of the 
recently constructed model based on N = 2 super- 
gravity [^Tj, lead to unstable dS vacuum. So maybe 
we need to take this instability seriously. 

This brings us good news and bad news. The bad 
news is that in all the theories we have considered in 
this paper, our part of the universe is going to collapse 
within the next 10-20 billion years or so. 

The good news is that we still have a lot of time to 
find out whether this is really going to happen. 
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